We have compared calorimetric measurements with the nonlinear optical technique vibrational sum frequency scattering to investigate interface-solvent effects in colloidal gelation transitions. This allows us to explain the difference in gelation behaviour between dispersions of stearyl-coated silica particles in n-hexadecane and benzene or toluene. In n-hexadecane dispersions, an anomalous heat effect is observed, due to the formation of an ordered interface layer (that is not confined to the first monolayer and is composed of ∼1/3 surface crafted chains and ∼2/3 solvent molecules). For solvents that cannot interdigitate with the surface chains this transition does not occur and consequently no heat effect is observed.
Introduction
Colloidal dispersions are found in nature in many forms and are applied in many branches of technology [1] [2] [3] [4] [5] . The stability of these dispersions depends on the particle interaction potential. Often this potential reflects (unwanted) attraction between the particles and consequently a repulsion needs to be introduced to keep the dispersion stable. In aqueous solutions, this can be achieved by creating a surface charge layer on the particles. In nonaqueous apolar solvent, repulsion can be introduced by steric stabilization of the particles. This is achieved by functionalizing the particles with apolar surface chains. A well-known example consists of silica particles with octadecyl chains crafted at the surface [6] . These particles are stable in many apolar solvents and are often considered as the colloidal equivalent of an ideal gas. However, it was found that with certain solvents the dispersion can become unstable as the temperature is lowered and phase separates [7] [8] [9] [10] [11] [12] [13] [14] , or forms a gel. The instability could be induced as well by changing the pressure [15] . The gelation was explained as a consequence of percolation [16] , as a dynamic instability [17] , and as a frustrated gas-solid transition [18] , and it was suggested that the interface-solvent interaction plays a key role in the phase transition [15] .
As all thermodynamic, linear scattering and microscopy techniques cannot reveal molecular details directly it is not possible to obtain conclusive evidence regarding the role of the interface in these transitions. This has become possible only very recently with the development of second-order nonlinear optical scattering techniques that can provide information selectively from the interface region of the particles in a solution [19] [20] [21] [22] [23] . More specifically, the recent development of vibrational sum frequency scattering [24] [25] [26] allows direct access to the molecular structure of the interface, since vibrational modes at the interface are probed directly. In a vibrational sum frequency scattering experiment, interface vibrational modes are resonantly excited by infrared photons. The resulting polarization is upconverted with visible photons and a field with the sum of the frequencies is emitted. Due to the secondorder nature of this process, it is interface specific. As the particles are much smaller than the exciting laser beams the sum frequency light is scattered from the particle interfaces and is collected at a certain scattering angle. While the frequency content of the resulting spectrum is determined by the average molecular interface structure,the intensity distribution is determined by the particle size and shape. As we are only interested in the interfacial changes we measure at a fixed angle.
In a previous study we have demonstrated that it is possible to observe the molecular changes that occur during a colloidal gelation transition. Also we found that surface effects may modify the speed of ageing [26] . In the study presented here we focus on the influence of solvents on the molecular arrangement of surface groups and how this affects the interface during gelation. To this end we will compare calorimetric data with sum frequency scattering experiments.
Experimental details
The bare silica dispersions denoted as samples 1, 2, and 3 in table 1 were synthesized according to Stöber's [27] method. Sample 4 was grown with silica from core particles (seeded growth), using small Ludox particles (from DuPont) as starting material [28] . The bare silica dispersions were then coated with stearyl alcohol according to [6] . The dispersions in cyclohexane were dried under a dry nitrogen flow at 373 K and redispersed in n-hexadecane (99%, Janssen Chimica, Sigma Aldrich), n-hexadecane-d 34 (98 at.% D, Aldrich), benzene-d 6 (99 at.% D, Sigma Aldrich) or toluene (>99%, Baker AR). All dispersions were prepared on a weight basis. The volume fractions were calculated assuming additivity of volumes, using a density for stearyl silica of 1.75 g ml −1 as determined for sample 1 in [9] . Table 1 summarizes the particle characteristics as determined from dynamic light scattering (DLS) and transmission electron microscopy (TEM). The relative width ( σ ) of the distribution is defined as the standard deviation of the radius divided by the average radius (σ ). Calorimetric measurements were performed on a differential scanning calorimeter DSC III from Setaram, with a detection limit of 0.2 J g −1 . The temperature of the gelation transition in the dispersion was determined by performing a temperature scan and observing at which temperature the gel starts to flow. If small gas bubbles (∼0.1 mm) did not rise any more, the Figure 1 . Schematic sketch of the sum frequency scattering experiment. The scattered sum frequency light is recorded in one direction. The magnitude and spectral shape of the scattered field is determined by the molecular configuration at the interface which is contained in the second-order nonlinear susceptibility (χ (2) ). For a particular geometry (defined by the k vectors and detector angle) and particle size (σ ), χ (2) can be determined from the effective particle susceptibility Γ (2) . dispersions were classified as gel. Also, the temperature of the bending point in a turbiditytemperature scan using spectrophotometry was obtained. The sum frequency generation (SFG) experiments were performed using 7 µJ (120 fs) infrared (IR) pulses (repetition rate 1 kHz, FWHM bandwidth of ∼180 cm −1 ) centred around 2900 cm −1 and 3 µJ, 800 nm visible (VIS) pulses with a 7 cm −1 bandwidth. A schematic representation of the experimental geometry can be found in figure 1 . The selectively polarized IR and VIS pulses were incident under a relative angle of 15
• (β) and focused down to a ∼0.4 mm beam waist. The scattered light was collimated with a lens (with an angular acceptance of 17
• ), polarization selected and dispersed onto an intensified charge coupled device (CCD) camera [29, 30] . The sample cell consisted of a cuvette (Hellma GmbH) with a volume of 280 µl and a path length of 1 mm. The scattering angle θ (as measured in air) was 51
• . For temperature-dependent scattering and turbidity measurements, the sample temperature was raised by resistively heating the sample holder, resulting in a constant heating rate of typically 2.9 K min −1 . The temperature was measured with a small thermocouple placed in the cell ∼1 mm away from the laser focus.
Solvent dependence

Calorimetry
To investigate gelation in various solvents we have recorded the volume fraction ϕ at which a gel can be formed in n-hexadecane, toluene or benzene. For the dispersion of sample 1 in nhexadecane we find gel formation at ϕ ≈ 9.8 and Jansen [9] observed gel formation for sample Figure 2 . Calorimetric measurements of the 28.9% dispersions of sample 1 in n-hexadecane, starting at 268 K (top) and 291 K (bottom). The heating rate in both cases was +0.5 K min −1 . T g denotes the cloud-point temperature, while T h marks the high-temperature onset. There was no observed hysteresis in the measurements. 1 in n-hexadecane at ϕ ≈ 5%. In the dispersions of sample 3 gel formation in n-hexadecane-d 34 occurred at ϕ ≈ 6%. However, for sample 1 in toluene gel formation was not observed until ϕ ≈ 31% and not any more around 10%. The dispersion of sample 3 in benzene-d 6 showed gelation at volume fractions of approximately 22%. Combining our observations with those of [9, 18] it seems clear that dispersions of stearyl-coated silica particles in n-hexadecane (and other longer n-alkanes) have a stronger tendency to gel formation than dispersions in toluene, benzene or CCl 4 .
In order to clarify this difference we have performed calorimetric measurements on three stearyl-coated silica particles in n-hexadecane and for comparison also a measurement in toluene. A typical measurement of a dispersion in n-hexadecane is given in figure 2 , showing three peaks.
The first two peaks (marked 1 and 2 at lower temperature), also present in the pure solvent are related to the n-hexadecane itself (peak 2 is the melting peak of n-hexadecane) and are not relevant for the present study. The third peak only appears in the n-hexadecane dispersion at a temperature that nearly coincides with the gel formation temperature. The bottom panel shows a calorimetric measurement over a shorter temperature range of temperatures, starting right above the melting point of n-hexadecane (291 K). By integrating the peak we find (for this particular measurement) that 4.8 J is absorbed per gram dispersion. The results for all dispersions are collected in table 2, giving the temperature of the peak maximum (T max ), the Table 2 . Calorimetry and cloud-point results for dispersions in n-hexadecane and toluene.
C 16 extrapolated temperature as a measure of the high-temperature starting point of the peak (T h , see figure 2), the integrated transition enthalpy ( H 3 ) and the temperature of the transition in the dispersion (T g ).
In the left panel of figure 3 we have plotted T g against T h for all dispersions that exhibit gelation. This shows that there is a clear correlation between gelation and heat production and that (with increasing temperature) heat absorption precedes gel breakup. The right panel shows the integrated transition enthalpy as a function of surface area (ϕ/R TEM , which is proportional to the total surface area). The observed proportionality indicates that the observed heat effect is related to transition at the particle interfaces. The remaining deviations from a proportional relation might be attributed to experimental errors, variations in the stearyl coating density, variations in the roughness of the surface on the length scale of the stearyl chain, and to inaccuracies in the estimate of the total surface area, e.g. because the particle shape is not perfectly spherical and because of variations in the size distribution of the particles [6] .
As the heat uptake associated with the gelation transition is present in n-hexadecane dispersions but absent in toluene, it is evident from the above measurements that the solvent . SFG scattering spectra (grey lines) of a dispersion of silica particles (sample 3) in nhexadecane in gel and sol state (top two spectra) and dispersions in benzene in gel and sol state (bottom two spectra). The difference in signal to noise is due to the difference in refractive index of the benzene and n-hexadecane solvents.
plays an important role in the energetics of the gelation transition. This is further corroborated by the fact that no heat effect was observed when the calorimetry measurements were performed on dried samples. These results are in agreement with published results on calorimetric measurements on stearyl silica particles in the dry state as well as dispersed in toluene [10] , where only a broad transition was observed. Indeed, we did not find a sharp transition as observed in the n-hexadecane dispersions. Also calorimetric measurements on dry octadecylcoated silica as used in chromatography columns gave similar results [8] .
Vibrational sum frequency scattering
From the above description it is very likely that the interaction of the interface with the solvent plays a crucial role in the difference in gelation behaviour. To investigate the role of the surface-solvent interaction on a molecular level we have recorded and compared SFG scattering spectra of gels and sols of 24 vol% dispersions of sample 3 particles in different solvents. Figure 4 shows SFG spectra of dispersions in n-hexadecane-d 34 and benzene-d 6 at two different temperatures for which both samples are in different states as indicated in the graph.
The scattered sum frequency field can be described very well with the well-known expressions for SFG, where the local surface susceptibility (χ (2) ) has been replaced by an effective particle susceptibility ( (2) ), which has to be convoluted with the spectrum of the upconversion field (E VIS ) [24, 25] :
where n refers to a vibrational mode with resonance frequency ω 0n and spectral half width at half maximum, ϒ n . The solid lines in figure 4 are fits to the data using this equation. The fits were obtained with the resonance frequencies for the well-known symmetric CH 2 and CH 3 stretching modes (at 2854 and 2889 cm −1 respectively), the asymmetric CH 3 [26] , the dramatic changes in the spectra of the dispersion in n-hexadecane reflect the appearance of an ordered layer (at lower temperatures) of surface molecules in which all molecules are collectively tilted away from the local surface normal with an angle of 52
• . The surface order-disorder transition (depicted in figure 4 ) occurs at temperatures below the cloud-point and coincides with the temperatures at which the heat effect occurs.
In contrast to the dramatic changes observed in n-hexadecane, figure 4 shows that there is little change in the SFG signal following the gelation transition in benzene. The same observations were made for dispersions in CCl 4 . These spectra clearly lack the intense signal at the frequency of the symmetric CH 3 vibrational mode, which generally indicates an ordered layer [33, 34] . At temperatures both above and below the gelation temperature,the surface layer is disordered. Thus, dispersions in benzene and CCl 4 do not display a surface order-disorder transition. This does not necessarily mean that the surface layer has the same structure at both temperatures. As a function of temperature the density of the solvent changes more rapidly than that of the silica particles. As a consequence, the refractive index mismatch increases with lower temperatures. One can expect a denser surface layer (accompanied by a stronger van der Waals interaction) at lower temperatures for benzene, leading to a somewhat different surface structure.
Having observed the difference on the molecular level as well as on the macroscopic level, we can explain the difference in gelation behaviour for different solvents. A gelation transition can occur as a function of temperature if the interaction potential changes at lower temperatures such that the particle-particle interaction becomes attractive. This can happen due to changing densities of solvent and particles. This effect occurs for all solvents and particles. However, if the solvent can interdigitate with the surface chains on the particles, the free energy can be reduced even further (at lower temperatures) by forming an ordered layer. In the case of benzene and CCl 4 , such an ordered layer cannot be formed. As a consequence a surface transition (that liberates a lot of heat) cannot take place. Both cases are illustrated in the right panel of figure 4 . In the case of n-hexadecane (and probably for all long-chain n-alkanes), such an ordered layer can be formed. The measured heat that is produced varies from 4.8 to 5.2 J g −1 for the most concentrated gel of particles of sample 1. Given that the heat of fusion of our n-hexadecane is 228.8 J g −1 and using σ TEM = 30 nm and a dispersion density of 1.057 g ml −1 , the observed 4.8 J g −1 corresponds to melting of a surface layer of nhexadecane with a thickness of 1.1 nm. The production of this amount of heat,together with the changes in the sum frequency scattering spectra, clearly suggests the formation of a crystalline layer. Because the transition occurs only a few degrees above the melting temperature of n-hexadecane (291 K), this behaviour can be associated to the surface melting phenomenon that has been observed in a series of alkanes a few degrees above their melting point [35] .
Surface layer in n-hexadecane
To investigate whether the order is confined to the first layer we have also taken SFG spectra of a 24 vol% gel in a 4:1 mixture of n-hexadecane-d 34 with n-hexadecane as solvent. Replacing part of the deuterated solvent by non-deuterated solvent does not affect the phase behaviour of the dispersion (see [36] ).
The SFG spectrum of an ordered layer is dominated by the vibrations of the methyl (CH 3 ) groups. Also, as part of the solvent is non-deuterated some of the signal might be lost due to Figure 5 . SFG spectra (grey lines) obtained at different polarization conditions of a gel of colloidal particles (sample 3) in 20/80 vol% n-hexadecane/n-hexadecane-d 34 . The spectra were taken at polarization combinations ppp, ssp, pss and sps and collected at a scattering angle of 51 • . The black lines are fits as described in the text. The top trace shows the SFG spectra of a gel with fully deuterated n-hexadecane in ppp polarization combination (the same as in figure 4 ).
Adjacent particles
Ordered surface layer Signal Figure 6 . Illustration of two important structures related to gelation in n-hexadecane. The black chains represent C-H chains (that are resonantly excited by the infrared field and thus contribute to the SFG signal) whereas the grey chains represent C-D chains (that are not excited and do not contribute to the scattered signal). Due to the vector nature of the created polarization, a pair of oppositely oriented dipoles will not generate a net sum frequency field. As a result, only the encircled molecular groups (in the upper panel) will contribute to the signal. There will be no sum frequency scattering from particle regions that have a geometry that resembles the one sketched in the lower panel.
destructive interference with methyl (CH 3 ) groups that are pointing in the opposite direction. The amount of intensity loss critically depends on the structure of the layer. If local inversion symmetry exists over a long range around the particle,a large portion of the signal might be lost. This is illustrated in figure 6 , in which two adjacent particles are sketched. A disordered layer on the other hand can be expected to be dominated by the methyl (CH 2 ) stretching modes and the Fermi resonances. Figure 5 shows SFG spectra taken at different polarization combinations of a 24 vol% gel in a 4:1 mixture of n-hexadecane-d 34 and n-hexadecane as solvent. These spectra are fitted with the same parameters as used in the fits of figure 4 , and from the fits the same average tilt angle of 52
• ± 5
• can be obtained [26] . These gel spectra are dominated by the methyl (CH 3 ) stretching modes, but there is also a clear signal from the symmetric methylene (CH 2 ) stretching mode (at ∼2854 cm −1 ). Also, it can be seen that the signal from the gel state in a solvent mixture is over a factor of 5 smaller than the signal from the gel in 100% n-hexadecane-d 34 . This dramatic decrease in intensity is much more than expected if we take the absorption of the infrared field by the non-deuterated solvent into account (which amounts to a intensity loss of 15%).
As mentioned, both the decrease in intensity as well as the appearance of CH 2 resonances are related to the structure of the solvent around the particles. The loss of intensity cannot be due to disorder as witnessed by the strong signal from the methyl (CH 3 ) groups (compared to that of the methylene (CH 2 ) groups), that still dominate the spectrum. The CH 2 resonances should be much stronger than what is observed, if disorder were to be responsible for the decrease in the overall signal (see e.g. [34] ). As mentioned above, the alkyl chains are not densely packed on the surface, and to form a crystalline layer the solvent molecules must participate to form an ordered layer. The dramatic intensity difference upon partially non-deuterating can be explained by the formation of one (or several) more or less ordered layers on top of the first, leading to partial restoration of local inversion symmetry as sketched in figure 6 . It explains why a relatively small amount of non-deuterated solvent leads to a disproportionate change in intensity. The ordered layers gradually transform into disordered solvent, which leads to the appearance of more pronounced methyl (CH 2 ) stretch modes that are representative of the number of chain defects.
Assuming a simple model of a single ordered interface layer with one or more ordered shells on top that terminates in one layer (as sketched in figure 6 ), we can estimate the fraction of stearyl chains in the crystalline film by simply comparing the amplitudes of the scattered signal with fully deuterated and partially deuterated solvent. The scattered amplitude is directly proportional to the number of CH 3 groups that contribute to the signal. In the case of fully deuterated solvent, 100% of the stearyl chains account for the signal. In the case of partially deuterated solvent, only the non-deuterated solvent molecules that have one ordered head group and one randomly oriented head group can cause destructive interference that leads to a decrease in amplitude. The amplitude decrease can be determined from the spectral fits, which amounts to a factor of 0.38. (The fully ordered solvent molecules do not contribute, since both CH 3 groups are oriented in opposite directions and thus the corresponding dipole moments cancel each other out.) Since we know the volume fraction of the signal-cancelling molecules (20%), we can retrace the fraction of stearyl chains that are chemically linked to the surface silanol groups. This results in a volume fraction of 0.32 ± 0.05, which corresponds to a surface area of 1.03 nm 2 per stearyl chain. This procedure is of course only valid to the extent that the particle shape is spherical and smooth and that they are monodisperse. From table 1 we can check the latter. From TEM analysis [24] we found a spherical form factor of 1.04 (the actual average area compared to the spherical area using the particle radius) which justifies our assumptions.
This area is much higher than the ones found from elemental analysis, in which areas as low as 0.21 nm 2 per stearyl chain were reported [6, 37] . However, these particles are relatively small (up to a radius of ∼50 nm) and it was reported that the surfaces might very well exhibit roughness on a small scale, leading to a larger total surface area.
Thus, by comparing scattering measurements in partially deuterated solvent with those in fully deuterated solvent we are able to deduce that loss of order is gradual. This kind of gradual loss in order has also been observed for multilayered self-assembled monolayers (SAMs) of stearic acid [38] and compares favourably to previous studies on surface freezing in n-alkanes [35, 39] .
Conclusions
Gelation of stearyl-coated silica particles occurs at lower volume fractions in n-hexadecane solvent compared to solvents like toluene, benzene and CCl 4 . In n-hexadecane it is associated with an anomalous heat effect, that is absent for the other solvents. Comparing heat uptake with available surface area clearly indicates that the interface plays a key role in the observed effect. Vibrational sum frequency scattering experiments are sensitive to the molecular structure of the particle-solvent interface and reveal that indeed the heat effect can be associated to a molecular order-disorder transition. This can only occur if the solvent can interdigitate with the surface crafted layer. We find that the loss of order in such a layer occurs gradually.
